by the commanded scan time, and is variable from 15.5 to 0.5 cm −1 .
146
At 5-9 hours from closest approach to Titan (1.0-1.8×10 5 km range), the CIRS in- 
153
For the purpose of identifying the weak emission bands, we have created large averages 154 of low-latitude spectra for FP3 and FP4 from the high spectral resolution limb integrations
155
(type (ii) above). Note that we do not attempt to explore the vertical and latitudinal 156 variation of the propane abundance from the CIRS dataset, which has been documented 157 elsewhere (Coustenis et al., 2007; Vinatier et al., 2007a Vinatier et al., , 2009 ), but rather to maximise 158 signal-to-noise to emphasize and detect very weak emission features while still maintaining 159 reasonable homogeneity of the dataset. • N, in the knowledge that Titan's strato-sphere is slowly varying in this temporal and spatial interval (Coustenis et al., 2007;  more rapidly in the vertical direction, and therefore we restricted our averages to 100-165 150 km (pixel centers) where the signal-to-noise ratio was found to be the most favorable.
166
The spacecraft distance range was also constrained to be less than 2 × 10 5 km. See Table   167 I for additional details.
168
[ Laboratories (PNNL), has shared with us room temperature (296 K) absorption spectra 172 of propane gas, taken as part of a large-scale survey of molecular infrared spectra. These 173 consist of 6 individual co-added spectra of 98% pure propane gas measured with a Bruker-
174
66V FTIR at 0.112 cm −1 unapodized resolution, covering the FP3 and FP4 part of the 175 CIRS spectral range (600-1400 cm −1 ). Full experimental details have been published in 176 the literature (Sharpe et al., 2004) .
177
We have convolved the PNNL spectra with a Hamming kernel h(∆ν) (instrumental 178 line shape) of FWHM 0.48 cm −1 for approximate comparison with the CIRS spectra,
179
which originate at much lower temperatures (∼ 160 K) in Titan's stratosphere:
where h is the weighting factor at each position ∆ν = (ν −ν 0 ) relative to a given 182 wavenumberν 0 in the original spectrum, and a is an effective path difference: Bézard et al., 2007; Nixon et al., 2008a) . Fig. 1 shows the initial gas profiles. for laboratory haze analogue (tholin) as measured by Khare et al. (1984) .
242
Previously, most models of CIRS Titan mid-infrared limb spectra (Teanby et al., 2007; 243 Vinatier et al., 2007a,b; Nixon et al., 2008b; Jennings et al., 2008; Coustenis et al., 2008) 244 have used the approximation of a single limb ray originating from the center of the detec-245 tor fields of view (FOVs) projected onto the limb: the 'infinitesimal' FOV approximation.
246
However, Teanby and Irwin (2007) 
.
264
Where R m is the 1-D (Y -averaged) response function of detector m expressed in angular 265 units (tabulated in Table 4 of Nixon et al., 2009) . For the average of all N spectra then 266 the spatial weighting function is:
268
269
This 'effective' spatial weighting function is used to compute a mean model spectrum, by 270 weighting synthetic spectra calculated for limb rays at each altitude:
272
where z min and z max are the lowest and highest altitudes where W (z i ) = 0, andν is 273 wavenumber.
274
In practice, the 1 km resolution calculation grid is both unnecessarily fine to achieve 
Retrieval Algorithm

286
The retrieval algorithm is a mathematical formalism used to find the 'optimal estimate' 287 set of model parameters, by iteration (Rodgers, 2000) . At each step of the retrieval, the 288 forward model is used to calculate a synthetic spectrum, as described above, which is 289 then compared to the data spectrum. A cost function is calculated which is similar to function, so that divergence between the model and data will be reduced on the next step.
294
When a preset convergence limit is reached -i.e. when the percentage change in the cost 295 function falls below a threshold value, the retrieval ceases. This algorithm is identical to In this study we first used the 1225-1325 cm −1 spectral region of the ν 4 methane band 299 to retrieve atmospheric temperatures, holding the methane abundance constant. Fig. 3   300 shows the result. for the methane ν 4 band are well-studied, and the CIRS data cannot be reconciled with 308 the HASI temperature profile, so a solution to this problem has not yet been reached.
309
The error on the temperature profile includes both spectral noise and also the 5% The temperature profile was then fixed, and we carried out numerous separate re-314 trievals on specific spectral regions suspected to harbor propane emission bands. In these 315 retrievals, the grey 'aerosol' opacity was scaled to obtain a fit to the continuum level, and 316 simultaneously relevant minor gas VMR profiles for each spectral region were adjusted to 317 fit the emission bands. S72 -that introduced differing numbering schemes (see Table II ). The GK65 scheme was modes are accounted for. Therefore, we use the S72/NIST numbering scheme in this work.
347 Table II 
351
All three of these bands were claimed to be detected by Voyager (Maguire et al., 1981) .
352
Note that the shape of the ν 21 band appears somewhat different at room temperature
353
(PNNL spectrum) compared to the colder Titan spectrum, due to the presence of hot we do appear to see a minimum in the right location near the band center at 869 cm −1 .
357
Note that the residual of the ethane fitting appears surprisingly large, given that we are 358 using very recently updated line parameters for the ν 9 band (Vander Auwera et al., 2007) .
359
This appears to be caused by trying to minimize the overall χ 2 fit, in the presence of the 360 non-flat continuum.
361
We must be careful here to emphasize possible aerosol effects: a non-grey aerosol could [ The individual abundances determined from each model fit are given in Table III 
424
The results show that the ν 18 yields systematically higher values than the ν 26 , com- underlies the wing of the C 2 H 6 ν 9 band is uncertain.
448
We have modeled the ν 26 band using GEISA line data, and also the ν 18 band using greater concern for FP4 than FP3, and therefore we recommend that the lower value 456 (4.2 ± 0.5) × 10 −7 , which agrees with previous analysis, is considered valid at the 2 mbar 457 level for low latitudes probed by these retrievals.
458
Further work is required to accurately characterize the broad spectral features of Ti- bands of propane in the range 700-1300 cm −1 , and also the ν 6 and ν 8 bands of ethane.
463
The present lack of accurate spectral information is a serious obstacle, not only to accu- the aliased signal has a relative response strength of less than 1%:
whereν 1pc is defined as the (aliased) frequency where the response of the numerical filter 500 R = F FP4 (ν) has dropped to 1% of the peak response:ν 1pc = F FP4 −1 (R peak × 0.01).
501
By this definition, the clean bandpass of FP4 is 1131-1433 cm −1 , close to the canonical 502 wavenumber range (1100-1400 cm −1 ).
503
Between the Nyquist and 'clean' bandpass limits at the low wavenumber side (1020-504 1131 cm −1 ), the aliased signal comes from the region 889-1020 cm −1 , where there is little 505 emission except from the relatively weak lines of C 2 H 4 . In addition, roll-off of detector re-506 sponse at long wavelengths means that the 'clean' bandpass is somewhat underestimated.
507
These effects mean that the range 1020-1131 cm −1 is very useful, especially as the aliased 508 spectral range 889-1020 cm −1 is known from the FP3 spectrum and its importance can 509 therefore be directly assessed.
510
The non-clean range from 1433-1529 is more problematic, because the detector reponse We also suggest modifications to the Lorentzian Half-Width at Half Maximum (HWHM) 525 and temperature exponent of the spectral lines. A detailed discussion follows.
526
B.1 Radiative Transfer Treatment of Spectral Lines
527
For atmospheric radiative transfer applications we wish to compute the spectral depen-528 dence of the absorption co-efficient k ν for each molecular energy transition (i.e. spectral 529 line). Absorption due to all individual lines in a given spectral region is then included 530 in the overall opacity calculation, along with other sources (particles, collision-induced 531 opacity). Following Goody and Yung (1989) , the spectral absorption due to an individual 532 line is:
where ν is frequency, ν 0 is the unperturbed frequency, f is a normalized function describing the line shape, and S is the line strength defined as:
The lineshape function may be given by the classical Doppler (thermal) or Lorentzian
538
(pressure/collision) profiles, or more generally a convolution of both, known as the Voigt 539 profile:
In the above formula k, h and c are the usual constants of Boltzmann, Planck and speed 542 of light; m is the molecular mass, T is temperature and α L is the Lorentzian HWHM.
543
Therefore, in order to compute k ν we must know the following: m and T , which are 544 specified by the atmospheric problem; and α L and S, which are parameters obtained from 545 experimental measurement and tabulated in a database. Both of these parameters have 546 a temperature dependence, and in addition α L is a function of pressure also. First, the 547 dependence of α L on atmospheric conditions is specified by:
where (α L,0 , P 0 , T 0 ) is a laboratory (usually) room temperature measurement, and n is a 550 free scaling parameter known as the Temperature Dependence of Width (TDW). Second,
551
the line strength as a function of temperature is given by (e.g. Lacis and Oinas, 1991, 552 p9033):
where E ′′ is the energy of the lower state of the transition, and R and V are the rotational approximated by a quantum harmonic oscillator so that:
where ν j is the frequency of the j th vibrational mode, for each of the 27 mode frequencies 561 given in Table II , and g j is the degeneracy of each mode, equal to 1 for this gas. is not well modeled by grey haze, leading to over-estimation of the ethane abundance
813
(features marked with '*') as the retrieval attempts to minimize the overall χ 2 of the fit. 
